The fundamental structure of capsinoids is a fatty acid ester with vanillyl alcohol 3 whereas in capsaicinoids a fatty acid amide is linked to vanillylamine. To clarify the 4 relationship between their biosynthesis in Capsicum plants, we carried out an in vivo 5 tracer experiment using stable isotopically-labeled putative precursors. LC-MS/MS was 6 used to measure the uptake of isotopes into metabolites after injection of the labeled 7 precursors into intact fruits of a pungent cultivar, Peru, and a nonpungent cultivar, 8 CH-19 Sweet. Labeled vanillylamine was incorporated into capsaicinoids in both 9 cultivars. While labeled vanillyl alcohol was incorporated into capsinoids in both 10 cultivars, the accumulation of intact capsaicinoids in Peru was suppressed by over 60% 11 after administration of vanillyl alcohol. In Peru, labeled vanillin was converted to both 12 vanillylamine and, in 5-fold excess, vanillyl alcohol. Moreover, labeled vanillin was 13 converted exclusively to vanillyl alcohol in CH-19 Sweet. These data are consistent 14 with the incorporation of labeled vanillin into capsaicinoids and capsinoids in both 15 cultivars. We conclude that pungent cultivars are highly potent producers of vanillyl 16 alcohol that is incorporated into capsinoids and that biosynthesis of capsinoids is 17 catalyzed by capsaicin synthase. 18 19
INTRODUCTION 24 25
The fruits (peppers) of Capsicum plants, such as sweet pepper, are used as fresh 26 foodstuffs worldwide, while their processed products are used to make seasonings, 27 including hot peppers, that add color and spice to a variety of cuisines. Moreover, 28 peppers have been traditionally used by certain societies for their stimulatory or 29 analgesic properties. The substances responsible for the stimulatory properties 30 (pungency) of peppers are a group of lipophilic alkaloids, the capsaicinoids. The 31 fundamental structure of capsaicinoids is a branched-chain fatty acid amide of 32 vanillylamine, and the major capsaicinoids in nature are capsaicin (CAP) and 33 dihydrocapsaicin (DC) (Figure 1 ). Capsinoids represent a novel group of nonpungent 34 capsaicinoid-like substances originally found in a nonpungent cultivar, C. annuum 35 'CH-19 Sweet' (1, 2), and subsequent studies have shown that many pungent Capsicum 36 species contain capsinoids (3-6). Capsinoids are defined by a branched-chain fatty acid 37 4 Details of the downstream of these pathways however, where vanillin is converted to 48 vanillylamine and the amine is subsequently condensed with a fatty acid to generate a 49 capsaicinoid, remain to be clarified. Recent molecular biological approaches have 50 suggested that the pAMT gene of the pungent Capsicum fruits encodes a putative 51 aminotransferase that catalyzes the conversion of vanillin to vanillylamine (11, 12) . 52
Furthermore, a putative acyltransferase (tentatively referred to as capsaicin synthase, 53 CS) encoded by the Pun1 gene is regarded as a candidate enzyme catalyzing the 54 condensation of vanillylamine with a fatty acid (13) (14) (15) (16) The ions of vanillyl alcohol were observed in the mass chromatogram at 9.8 min. 131
The optimum parameters for the detection of each compound were tuned 132 automatically using authentic samples and Analyst software (Applied Biosystems). The 133 samples were analyzed in duplicate, and each compound was quantified using 134 calibration curves from the authentic samples. 135
The results quantified by the methods mentioned above were shown in Tables 1-3  136 and Here we showed that a pungent cultivar of pepper, which predominantly produces 224 capsaicinoids, also produces capsinoids, and that a nonpungent cultivar, which 225 predominantly synthesizes capsinoids, can also produce capsaicinoids. While trace 226 amounts of capsinoids have been previously detected in certain capsaicinoid-producing 227 cultivars (3-6), our study represents the first direct observation in peppers of the 228 production of capsinoids from their precursors, with the exception of phenylalanine and 229 valine. In both pungent and nonpungent cultivars, labeled vanillylamine and vanillyl 230 alcohol precursors were incorporated into capsaicinoids and capsinoids, respectively 231 (Table 1) . Similar results were obtained after administration of vanillin (Table 2) , 232 which is thought to represent a metabolic junction to vanillylamine or vanillyl alcohol 233 (Figure 2) . Labeled vanillin was incorporated into both vanillylamine and vanillyl 234 alcohol in the pungent cultivar, Peru (Figure 3) . The higher conversion of vanillin to 235 vanillyl alcohol than to vanillylamine, which we also observed in a previous radioactive 236 tracer study (17), may be due to excess amounts of the external vanillin. The 237 unexpected conversion of vanillin to vanillyl alcohol could conceivably result in the 238 significant production of capsinoids in Peru ( Table 2 ). In CH-19 Sweet, incorporation 239 of labeled vanillylamine into capsaicinoids was less efficient than in Peru, but was 240 nevertheless significant (Table 1) , while incorporation of labeled vanillin and ferulic 241 acid into capsaicinoids was undetectable (Tables 2-4) . Moreover, vanillin was 242 converted to vanillyl alcohol, rather than vanillylamine (Figure 3) . These results can be 243 explained by the disfunction in CH-19 Sweet of a putative aminotransferase (pAMT) 244 (19-21), which catalyzes the conversion of vanillin into vanillylamine. The deficiency 245 of the vanillylamine is likely directly related to the low or non-existent levels of 246 capsaicinoids in CH-19 Sweet. 247
Another important finding in our study relates to capsaicin synthase (CS), which 248 catalyzes the condensation of vanillylamine with a fatty acid to produce a capsaicinoid 249 (13-16). In the present study, accumulation of capsaicinoids in Peru was inhibited by 250 over 60% by the administration of vanillyl alcohol (Table 1) , prompting speculation 251 that the administered alcohol may compete with native vanillylamine that is normally 252 incorporated into capsaicinoids in a reaction catalyzed by CS. In the case of vanillin 253 administration in Peru, in which both vanillylamine and vanillyl alcohol are produced 254 from the vanillin (Figure 3) , similar competition was observed (Table 2) , albeit to a 255 lesser extent. However, we failed to observe inhibition of capsinoid production by the 256 administration of vanillylamine in CH-19 Sweet ( Table 1) implying that CS catalyzed the production of capsinoids from vanillyl alcohol generated 267 instead of vanillylamine. CS possesses consensus motifs of certain plant 268 acyl-transferases, some of which catalyze the reaction of benzyl alcohol with acyl-CoA 269 to generate the corresponding esters (15, 22, 23) . In this context, the findings of our 270 metabolic flow study provide additional evidence supporting the contribution of CS to 271 capsinoid biosynthesis. 272
The rate of conversion of labeled vanillyl alcohol to capsinoids was approximately 273 double that of the conversion of labeled vanillylamine to capsaicinoids in both cultivars 274 (Table 4) . A similar tendency was observed in the case of vanillin administration in 275
Peru. Given that labeled vanillin was predominantly converted to vanillyl alcohol in 276 Peru (Figure 3) , the potential of CS for production of capsinoids may be similar to that 277 for production of capsaicinoids. We speculate therefore that the relative level of 278 capsaicinoids and capsinoids is a function of the levels of their direct precursors, 279 vanillylamine and vanillyl alcohol, respectively. The factors determining the conversion 280 of vanillin to vanillyl alcohol in peppers is not known at present. 
